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Presented in Figure 2.7 are the resulting base currents obtained

by varying the gate voltage for the transistor of Figure 2.6.
Several conclusions can be drawn from this data.

a) Ip is relatively independent of gate voltage for gate
voltages ranging from =~ -20 to +10 volts. The tran-
sistor characteristics in this regime are primarily

related to "bulk" effects (i.e., I B and ID’).

RG® TR

b) To the right of this flat region, the base current in-
creases when considerable depletion has taken place and
peaks when crossover occurs over the entire base surface

region. As the surface is further "depleted" Iy diminishes.

¢) At higher V ( higher collector currents) the impor-

BE
tance of these surface contributions is reduced, rela-

tive to the "bulk" contributions.

d) the increase in IB above the '"bulk" contributions for
high gate voltages to the right of the peak, is due to
recombination currents associated with the field-induced

depletion layer at strong inversion.

e) The usual interpretation for the increase in Ig with
negative gate voltage for n-p-n transistors is due to
accumulation effects near the base surface and depletion

effects near the emitter surface.

2.1.2.1 "Bulk" Base Current Terms. We saw in Figure 2.7 that the

region to the left of the peak I, value (for n-p-n transistors) was fairly

B
insensitive to gate voltage until large negative voltages are applied. The

logical conclusion would be that this current includes all non-surface related
contributions and thus includes all "bulk'" related base current terms. These

include 1 I and I (1 can be assumed zero for this data

RG’ IRB’ ) CBO" CBO

since the base was tied to the collector). The 1 G contribution at low

RG
collector currents (below 1.0 mAmp as seen in Figure 2.2) is the predominant

term due to the dependence on VBE'
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Base current vs. gate voltage'® for the transistor shown in
Figure 2.6.
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Using Table 2.1 and Appendix C at low I conditions, we can evaluate

the effect

of each "bulk'" term. This value will establish a lower limit to which all

surface related terms must be added.

For VBE = 100 mV :
(a) I g * g *
e Sw
61 ¢ 15 + 4 % 10" Jamps

-1
=5.5 x 10 2 Amps ,

where IRG = recombinations in the E-B junction for the

projected emitter area,

I = recombinations in the E-B junction for the
SW

averages for parametcrs)+

qnxeR i q pp 1- /KT
and IRG N 1 Amps;
()
(&) g = TR * Tre_
SwW
Lo =(1-1 X 107 « 4.8 % 107 Janps,
72
Lre 4 qA “b n, chBh/kl e
WNeTe RB :",l'_*-—_x AMpPS ;5 and
n B
(¢) I” = I, + Iy
€ SW

The parameters used to obtain the sidewall values for Ipp and Ip~

mated from averages between the projected emitter % values and those at the

surface on Rodd1': device. (Vl\\ ~ 3x1019 atoms/cm®, Xegy = 6x10-O¢cm,

By = ™ 1.7x10-%em=, \p, = 3 x 10 7atoms/em3, Rj ¢, =1.5x10° sec-1, D "h-l_bcm-f
SW SW
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emitter sidewall area up to the surface (using

were esti-
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15

17 =(9.4 x 107 + 1.2 x 1071%) Amps,

2,
qA D_n. Q¥ /KT
where 1.~ = P e BE/

e Amps.
(DPTP) ZNE

The theoretical "bulk'" base current contribution for Reddi's transistor

. -12 : kg
is itherefores 55 10 Amps. The measured lower limit base current from

. -12 :
Figure 2.7 was 5.9 x 10 Amps. The measured value contains mostly '"bulk"
contributions but some surface contributions may be present from the E-B

metallurgical junction intersecting the surface.

From the above analysis, we see that the sidewall region (for

Reddi's device) does not make a significant pre-irradiation contribution
except for the R-G term (which contributes approximately 10%). Applying a
negative gate voltage over the emitter-base surface region increases the
effective base doping while decreasing the effective emitter doping. Thus
the ID;W term becomes more significant especially in view of the lifetime
decrease near the surface caused by changes in the lattice and impurity con-
centration from processing steps. Also the effects on the lifetime at the
surface by process induced surface states will influence the importance of

-

this term. These factors have not been used in the calculation of I

DSW'
This increase in ID' for large negative gate voltages is a candidate for
SW
influencing the shape of the left part of Figure 2.7. This part of the

curve is usually referred to as accumulation. Other influences commoily
associated with this region are increases in the RG sidewall term, increases
in surface area for the E-B junction intersection with the surface, and
tunneling currents. All but the ID' and tunneling current contributions

are related to R-G mechanisms which could not explain the sudden increase

). The I.” contribution

in Iy for high negative gate voltages (at lower V D
SW

BE
appears to have the necessary dependencies to explain the increases for

both pre- and post-irradiations and for both n-p-n and p-n-p transistors.
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This will be seen later when the post-irradiation condition is applied
to the gated transistor and when p-n-p transistors are considered. It

should be observed that at low V E in Figure 2.7 that R-G terms dominate

B
over the diffusion terms under normal operating conditions (VG =0). At

higher V,_.'s, the diffusion terms dominate the R-G terms. More work needs

BE
to be done to verify the contributions from accumulation. We will not

pursue accumulation further in this section but a general discussion is
included in Section 2.3 for p-n-p transistors where these mechanisms are

important in describing the radiation response.

2.1.2.2 1Ign Term. The term describing the crossover intersecting

the surface is ISO' Two "separate'" regions can be considered which satisfy
this criteria (even though the second region can be thought of as an exten-
sion of the first). Region one (1) is where the metallurgical E-B junction
intersects the surface. Crossover intersects the surface for zero gate vol-
tage. Region two (2) is when ¢s (from gate voltage or oxide chargi) has
forced the base surface region to crossover. The general ISO term 1is

described as

Vg
3 A
5 G ni A '\SS g Vth e =

ISO = BVBE/z VBE Amps
cosh B(d, - &) + e cosh Bl - ¢, + — )
n KT Par
2 qng A - Do 9 Ven é - 1» :
FVpE/2 Var ARpS
e cosh B ¢S - ¢F + 3
.
where A = the surface area at potential ¢S (em™)

¢t = energy of the surface state in the silicon band gap (eV)
5,
D, = density of surface states (#/em”™= eV)

5
0 = the capture cross-section (cm™).

Appendix A discusses the derivation of this term.
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The hole and electron capture cross-sections were assumed equal
and constant for all surface potentials sincellittle information exists on
this subject. Thus, ¢O = 0 and 0 = (Gp . On)é =0 Also, as a first
approximation, the energy density of surface states over the silicon band

gap was assumed uniform.

For region (1) the surface area, where crossover interacts with
the surface states, can be assumed to be the width of the depletion layer
(xes) times the emitter periphery (PC). Region (1) has a maximum ISO con-
tribution even at zero gate bias. Thus Isomax for Regio$ (1) must be added
to the "bulk'" contributions that formed the lower limit. At VBE = 100 mV;

2
I,  (Region 1) = 9.9 x 10 > Amps.
max

In region (2), the surface area under the gate in the base region
(A = AG) is used. To obtain the peak base current theoretical value from
this region, the gate voltage was increased to force a crossover at the

base surface region under the gate.

Igop (Region 2) = 9.3 x fo- 4 Amps
max

At the peak IB’ region (2) can be thought of as the region (1) crossover

bent over and lying over the entire base surface under the gate. Therefore,

in the region (2) ISO calculation, region (1) 1 does not exist.

SO
The measured value of ISO (region (2)) was 7 X 10_11 Amps.
Sy ! max : ’
[his correlates very well with the predicted TSU in region (2).
max

o
I

Assume Dgg is uniform over all regions of the transistor due to process
induced factors.

W




experimental data.

necessary to identify the maximum I

Further calculations (for other VBE'S) yield the results shown

2.8. In general the results are in excellent agreement with

Both theory and experimental data show a decrease in gate voltage |

S0 contribution from region (2) for higher

This is sometimes referred to as a shift in the peak to the left on

the gate voltage (or surface potential) scale. The reason the theoretical

curve shifts to the left vs. V

'BE is because of the injection of minority

carriers (ns) into the base surface region. For higher VBE’ ng approaches

L without any additional gate voltage. Thus, less surface potential is 1 3

required to generate the ng = pg crossover condition.

Py e i |
10 — EXPERIMENT |
-~ THEORY |
! |
1077 | |
E )
3 g
10
G 3
o L
£ :
2 17t |
g |
- |
10710k -:
B | S

10 "0~ 6 12

Gate Voltage (Volts)

Figure 2.8. Comparison of the theoretical to experimental I, term.'” The

experimental points result from Figure 2.7. Theory was normalized

to agree with experiment at VBE = 0.3 V.
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The theoretical ISO curve shifts to the left with increasing V

faster than the experimental curve as shown in Figure 2.9. The ISO term

defined by Reddi calculates the base current associated with a region where
®s
significantly as a function of distance from the edge of the E-B depletion

BE

, n and p are nearly constant. The assumption that ng does not vary
layer is invalid for higher VBE'S. The minority carrier concentration away
from the E-B junction in the base is actually less than at the E-B edge

due to the surface diffusion length. Thus, a larger gate potential is

required than theory would predict to reach the peak base current.

This distribution of minority carriers would also account for the

broadening of the peak for higher VBE'

30
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Figure 2.9. Comparison of experimental and theoretical gate voltage
shift vs. VBE for peak IB' The theoretical curve is
normalized to the 0.3 volt Vg as in Figure 2.8.
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2.1.2.3 Igppp Term. When high gate voltages are applied to a

gated transistor, the entire region of the surface under the gate is assumed
to be forced into strong inversion. For this condition a complete depletion
region has been formed. The base current resulting from this region was
modeled earli £
odeled earlier as IFIDL

The maximum field induced depletion layer recombination-generation

current, IFIDL’ may be approximated as
q (n kT poE/l.s
o B B L Amps
Temr = 2 (q 2¢F) Xamax) i ™ Ry © ¥
where Ri = intrinsic recombination rate.
A.l = the surface area having a surface potential

of ¢s = 2¢F.

Substituting the physical parameters into this relationship produces a value

] = \ .
for IFIDL @ VBE 100 mV of:
-14
IFIDL = 7.35 x 10 Amps.
The measured value for the I term at V. = 60 V is the difference between

FIDL G
IB at this gate voltage and the lower limit due to "bulk' terms discussed

in the last section. (Note: This lower limit is present for all gate
voltages.) The measured IFIDL term was 1.4 x IO-12 Amps. The discrepancy
can only be related to the definition of the intrinsic recombination rate
(Rj) or carrier concentration (ni)16 near the surface of the base region.
It is reasonable to expect that Ri is somewhat larger near the surface than

below the emitter because the base diffusion concentration is higher near

: Eé%;—- Xg A; is the effective volume in the field induced depletion layer
q <0p where the 7 kT/q portion is a constant of integration assuming
a uniform trap energy distribution from E, to E_.
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the surface. If we define the value of R.l near the surface to be R.l , then

. (§) .
from the measured value of IFIDU Rig &3 x 10 /sec. We will use this value
of Rig when discussing surface effects on IB and IC for Reddi's data.

2.1.2.4 Other Current Terms Related To The FIDL Region. With the

surface inverted there exists a field-induced depletion layer that has simi-
lar properties as the E-B junction. The emitter current from this extension

of the E-B junction can be modeled as;

. a AG Db in
oL = W hnps
e
2
n. BV, .
where Am = o2 @ BE carriers/cmé, and
N
BS
wSC = the "base width" from the field-induced

depletion layer to the collector-base junction.

Since the base doping is greater near the surface of the base region, the
emitter current density will be less, and the area is smaller. This

additional emitter current for Reddi's transistor can be approximated as:

& -15 i e .
IEFIDL ~2 x 10 Amps (for Vag = 100 mV).

This calculation shows that some new emitter current may be

seen at strong inversion. The increase is small for this device.

The bulk base recombination current related to the FIDL region

can be cstimated from;

oy

g N W, W BV o
6 s¢ 1 BE - -16
= - - e Amps = 9.3 x 10 Amps.
RBDL 1n (N 45 N

BS 'B)

I

¥ The intrinsic recombination rate at the surface layer may be larger than
in the bulk due to processing where: oxides are grown, oxides are stripped
off, diffusion runs and drive-ins have perturbed the crystal lattice.
There can be many more "intrinsic" imperfections and thus a higher rate
than assumed in the bulk (1.5 x 105/sec).
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Base Current, I (Amperes)

-60 -40 20 0 +2¢ 4+l + b

Gate Voltage, Vg (Volts)

Figure 2.25 (a). Effect of ionizing radiation on the IB VS. VG curves at
various injection levels. Note the increases in the sur-
face and bulk (FIDL) components of Iy as well as the
changes in the shapes of the current peaks ("broaden-
ing"). The illustration is continued in the next

figure.’
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Base Current, Ip (Amperes)

Figure 2.25 (b).

PIPAPARR I o s
Dosc (Fads S1) NPN VeE (Velts) (;C (m2aps))
0¥ %
a /A.'! x 10
F 0.9 x 10

T

\
4.3 = 70° ‘\
4.3 % 1(‘6 =
-5 &
0 — 0.9 x 10 06 (3

0

-60 40 -20 (9] 420 +40 460

Gate Voltage, Vg (Volts)

Effect of ionizing radiation on the IB VS. VG curves

at various injection levels. This illustration is a
continuation of Figure 2.25(a).”
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Base Current, Ip (Amperes)

Figure 2.25 (c).

60 -40 =20 ¢} 420 +40 +60

Gate Voltage, V, (Volts)

An example of high dose effects on the base current,
IB.3M
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as related to model predictions. Changes in the magnitude of base currents

are also evaluated in relation to model predictions.

The bias conditions during irradiation are also very important
for development of hardness assurance screens. These will be discussed
as natural extensions of the modeling effort. We will see that
the worst-case bias conditions for n-p-n bipolar transistors is when the C-B
and E-B junctions are reverse-biased. This condition produces the maximum
fields in the oxide allowing more electron-hole pairs to escape geminate

recombination and more '"hole-hopping'.

As a last subject in this section (process variations), we will
discuss mechanisms that may explain or identify the cause of "mavericks"

(or "outliers').

2.2.3.1 Shifting, Broadening And Increases In Gated Transistor

Base Current Curves. Comparing pre-irradiation curves with post-irradiation

curves for gated transistors shows a shifting of the peak (associated with

the I__ component) to lower gate voltage (at V_, .=0.26 Volts) for high radiation

BE
duscg?cvcls. At higher VBE’ the peaks shifted to larger gate voltage versus
dose level. These relationships are defined in more detail in Figures
2.26 and 2.27. Figure 2.26 describes the shifting versus dose
level for several applied YBE'S while Figure 2.27 describes the shifting

versus VBL for several dose levels.

The model description of ISO contains a dependency on surface poten-

tial. For increased surface potential, the maximum ISO contribution would occur
at lower gate voltages. Trapped oxide charge and interface states created by
ionizing radiation would increase the surface potential and reduce the necessar)
external gate voltage required to force the surface to crossover. The theoret-

ical result is a shift of the peak to lower gate voltages for higher doses.
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Gate voltage necessary to peak IB vs. dose for several applied

Figure 2.26.
Data is from Figure 2.25.

emitter-base voltages.
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Figure 2.27.
Device is the gated n-p-n

voltage for several dose levels.
transistor used by Sivo in Figure 2.25.
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The theoretical model described in Section 2.1 fits the experimental data at

low V_.. At higher V__.'s and low dose levels, the model prediction is

BE BE .
reasonable approximation. For higher VBE at moderate to high dose levels,
the model dces not appear to contain the correct dependencies until very
high dose levels (as illustrated in Figure 2.25(c), very high dosc levels

show a dramatic shift to lower gate voltages).

Possible explanations for this discrepancy in the model predictions
are found in the simplification techniques employed in the ISO term. These
were used to make it easier to apply to actual devices with limited knowledge of
the physical parameters. For example, the minority carrier concentration is
assumed uniform for all regions under the gate and VBE determines the assumed
concentration. At low VBE the injected minority carrier concentration from
the emitter is representative of a relatively small increase and thus large
minority carrier gradients do not result. Consequently, low VBE applications
satisfy the assumptions used in the ISO term.

At higher V the injected minority carrier concentration (np)

BE’
from the emitter becomes more substantial and a larger carrier gradient
results. The YBE applied at the E-B junction determines np at the base
edge of the E-R depletion layer. In the base region, the minority carrier
concentration decreases versus distance from the junction. This decrease
is due to the diffusion length of electrons in a '"p-type'" base which is
dependent on lifetime. Therefore, at one diffusion length into the base
from the E-B junction, the "uniform'" minority carrier concentration used
to evaluate local ISO is not associated with the VBE found by using the
Boltzmann relationship at the junction edge.

The applied V is therefore only representative of the immediate

BE
base surface region next to the edge of the E-B depletion layer. The struc-
ture geometry (i.e., interdigitated, circular, etc.) also determines how
significant this mechanism will be in causing deviations between the model

predictions and experimental data.
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For the post-irradiation case it is conjectured that increases in
the density of interface states will reduce the lifetime at the surface.
This may make the minority carrier concentration fall off even more severely
versus distance from the E-B junction. The gate extends over the base region

well beyond the E-B junction. Thus, the peak I_, may be representative of

SO
any base surface region out to the edge of the gate. The gate voltage necessary

to peak IS would be determined by an np that could be associated with a lower

”effectiveOVBE” increasing the predicted peak gate voltage. The effect of
increased surface states from ionizing radiation can therefore be thought of
as a lifting of the pre-irradiation curve in Figure 2.27 back toward a
horizontal line whose value is determined by the low VBE value. This effect
is observed. This mechanism cannot however explain the increase of the curves

above the horizontal position.

A second possibility that may add to the above effect relates to
the assumption that the ratio of the capture cross-sections for holes (CP)
and electrons (On) at the surface was not very different from '"1" and was
radiation independent. Using these assumptions allowed us to simplify the
I., term by eliminating Qo ($o = 1/B In Op/on) from the argument in the

SO

cosh portions of ISO'

There is very little data about the ratio of the cross-sections

because it is hard to measure and for most applications, the important
1

parameter is O (where O = rop . on)l). The only data found was from Sivo's

roporth which shows a change in ¢ versus dose for a gated transistor. This
may indicate that the ratios may be changing as well which may change P and
shift the peak.

With the assumption that for increasing VBE’ the minority carrier
concentration increases and for higher gate voltage, the effective majority
carrier concentration near the surface is reduced, then the gate voltage

required to force the surface to crossover (and thus peak IBI is predicted
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to decrease for higher V Radiation effects (increase in positive surface

BE®
potential) should accent this decrease versus V

BE’

The above two possibilities assume the model is in a correct and
complete form. Another possibility is that some as yet undefined radiation
dependent mechanism is influencing the experimental data. (Observing Figure
2.27, we conclude that obviously some physics is missing in the present state-
of-the-art description and understanding of ionizing radiation effects in

semiconductors).

We have a model that, when simplified, can be used generally at
low VBE or at high VBE (low dose levels) without intreducing a significant
] deviation from the worst-case experimental data. For the other cases,
the discrepancies must be resolved before applying the model generally.
Since the discrepancies will require future work, we will limit our dis-
cussions to the low V . case for this section and show how the terms

BE
explain other features of the experimental data.

Along with the shifting, a broadening of the peak associated with
the ISO contribution was observed. The broadening mechanism is contained in

the I_., model via N__ and ¢ . The interplay between N and ¢ as well as
SO SS S : SS S

their individual distributions change as a function of dose. For a non-uni-
form distribution of surface potential, we would not expect a sharp peak

for ISO' Some surface areas will reach crossover with a specific applied

gate voltage while other regions would have surface potentials that will

' 1

correspond to one side or the other of the peak. The result is a "broadening

due to the structure influences on IQO'

Broadening can also be caused by the increase in surface states

due to ionizing radiation. According to Figure 2.16, high dose levels will
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eventually pull the surface potential for each base surface region to cross-
over regardless of the oxide charge distribution. The result will be a
maximum ISO contribution independent of the gate potential. This translates
into a broadening so severe that the characteristics of the pre-irradiation

curve are washed out. Figure 2.25 shows this effect.

To confirm these predictions, Sivo used a transistor in his gated
transistor experiment that was processed with a high initial oxide charge.
The gate was placed over part of the base surface area next to the E-B
junction (the same as for the previous experiments). For the pre-irradia-
tion case, we can assume that this oxide charge is distributed uniformly over
the entire base surface region. We would expect that this built-in surface

potential (¢ ) would act like a '"built-in'" gate voltage in the experimental
S

e

data. Figure 2.28 shows the results of Sivo's experiment using this structure.

For increasing dose levels (up to 1o° Rads), the peak is not
broadened due to the relatively small radiation induced non-uniform oxide
charge distribution added to a large process induced uniform distribution.
The only effects of-ionizing radiation om this device should be due to
increasing surface state density (NSS). The ISO term should increase with

radiation for each region of the base surface area.

After inversion (at high gate voltages), the increase due to
radiation results partly from the [SO contribution for the region at the end
of the gate where the crossover is forced back to the surface and where a
uniform increase in Nss occurs. The width of this surface area is affected
by the fringing fields at the end of the gate. Other contributions may come
from ID;W when the field-independent build-up of L changes the surface

lifetime in the emitter.




1
1o 10

Base Current, Ip (Amperes)

Gate Voltage, V. (Volts)

G
Figure 2.28. Example of the absence of substantial radiation induced

broadening of the IB peaks in a group of transistors which
had a high initial oxide charge.’
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Let us now use the model to predict the magnitude of the response

of the gated transistors. We must first establish the lower limit on the base

current for these transistors due to the "bulk'" base terms (IR(’ 1RB’ and
ID'). Table 2.3 defines the physical parameters. For YBE = 0.26 volts;
qmA X R.n, B Ngpd 1.5
_ e e il = -11
IRG = VN e = 3J.6 x 10 Amps
“E B
hl( = )
n
1
qA W n- B V.
IRB SR W T | E = 7.4 x 10-H Amps
5 o T
2T NB
5
q 1\0 D) n; B8 \'Bl’ 213
I13 = _——%E— e © = 3.7 x 107" Amps
(Dp Tc) AE

The predicted pre-irradiation lower limit of base current (I ) is the sum

BLL

of these terms: IBLL ~3.6 x 10—11 Amps. The measured lower limit (assumed

to be the minimum value on Figure 2.25(a) for zero radiation) was found to
be ~ 2.4 x 10—11 Amps. The measured and predicted values compare very well
considering the uncertainty in some of the physical parameters assumed for
these transistors, especially Ri' We must subtract this lower limit base

current from the total base current to estimate the contributions from sur-

face terms in Figures 2.25 and 2.28.

Another term that can be assumed to be contributing to this pre-ir-

th ss

radiation lower limit is ISO for the surface region where the E-B depletion
layer intersects the surface. This will be called ISO(I)'
P Vpe/2
5/ / o L ' > Amps
ISO(l) /2 q n, A o N e i

(1)

4

-12
Lel % 10 Amps,
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where A

(1)

150(1) does not make a

ation case.

The peak ISO

(pre-irradiation) is;

ISO(PEAK)

i

The measured value for

Finally, for

where the FIDL term is

Tetn

The measured value was

assumed for Sivo's devices and the present coliection of surfac

broadening due

2
PR (em™)

PRI AR e

e surface area over E-B junction

intersection with surface.

significant contribution to IBL! for the pre-irradi-

~

contribution for the transistors in Figure 2.25

1/2 q ny As O Vep Nss e
-9
1.6 x 10 ¢

Amps.

-9
the peak was approximately 1.4 x 10 ~ Amps, which

in excellent agreement.

the region of base current at high gate voltages
max imum,
KT e e* Vgg/1-5 1
q —7— X A.n. R Amps
i 3q $FS M B 1S I
-10
8% 10 AIpS .

approximately the same.

Thus with the physical parameters

e terms; W can
describe each pre-irradiation portion of Figuyre 2.25.
Post-irradiation, the curves become more complex because of th
to a non-uniform distribution of oxide charge and surface state
surface region. Also the minority carrier conc ntration

build-up over the base

gradient becomes more severe undermining the

assumption.

uniform carrier concentration




4 5 :
If we use the low dose levels of 10  to 10  Rads, the broadening

. e 4 .
effects are minimized. For a dose level of 1 x 10 Rads, Sivo measures

6

10 2 . 3

the Lxss to be approximately 1.2 x 10 =~ states/cm™ by using MOS structures.’
p 10 2 2 4

With the value of LNSS of 360 10 states/em: for 3 x 10 Rads, [SO

at a dose of 3 x 10 Rads would be predicted by the model to be four times

peak

that for pre-irradiation. Measured values show a factor of =~ 3.5 increase

in the peak I Thus the radiation estimates using the peak ]S( term are

B 9]

very good at low dose.

The two important parameters that determine the base current are

the surface potential bos and the interface (surface) state density. At
this time these parameters must be estimated in order to apply the model
as a hardness assurance technique. As one approximation, we assumed that the
interface state density builds up with the same field dependence as the

trapped charge. The resulting field-dependent surface potential distribution
(presented earlier in Figure 2.17(a)) was usedin determining the added base
current resulting from ionizing radiation for an ungated 2N2222 transistor. By
assuming a simple approach for adding the contributions of ISO and IFIDL from 25
circular ring segments of this distribution vs. distance (£) from the E-B junction,

an estimate of LIB for this 2N2222 model was obtained versus dose. The predicted

field-dependent surface contribution to Iy is shown in Figure 2.29.

The only experimental data for comparison was from the gated device
(of the same type) shown in Figure 2.25. Experimental data from this figure
produces Figure 2.30. The values were taken at Y( = 0. In comparing these
)

two figures, we see that the rate of build-up of field dependent interface

states is too slow to explain the sublinear line experimentally found.
LT e 11 2 x § P
An assumed uniform Q= of 1 x 10 charges/cm™ and Ngg of 8 x 107 states/cm
was used for the pre-irradiation condition.
One must remember that when comparing gated transistor data to model
predictions based on an ungated transistor model, the gate will accent
the predicted values.
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Figure 2.29. Predicted change in base current vs. dose for the ungated
2N2222 transistor model using only field-dependent build-up
of Bax and NSST for doses greater than 10% Rads.
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Figure 2.30. Experimental data from Figure 2.25 at Vg = 0 describing
the change in base current vs. dose for a gated 2N2222
transistor.

t+ By taking the total number of surface states under the gate, we can
determine sNgg/dose used in the field-dependent curve (Fig. 2.29) as
equal to 7.2 x 103 states/cm? - dose.
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By comparing the total change in surface states measured by Sivo
10 2 g .
(LNSS =12 % 10 states/cm” at 1 Xx 104 Rads(Si)) to the field-dependent

LN " modeled for the ungated transistor, a conservative field-independent

: - ; 5
LNSS estimate was obtained. The same technique was used at 10~ Rads on

7]

the same data resulting in a consistant value of LNSS (field-independent)

per dose. This worst-case field invarient distribution was added to the

field-dependent distribution and a new predicted value for LIB was obtained.
If we assume that the field-independent production of surface states is linear
with dose, Figure 2.31 is obtained. The effect of the field-independent build-

up on the surface area beyond the gate was also included in the calculation.

The added field-independent surface states cause ./_IB to increase :J
earlier with dose and actually cross through the data curve (see Figure 2.32). i
Since the increase in surface states (at higher doses) has the effect to 3

"hold" the surface potential at crossover, the predicted curve flattens out

at very high dose levels.

The rate of build-up is apparently too fast as exhibited by the {
"saturation' at 106 rads. A smaller field-independent interface state
production rate and the addition of any field-independent trapped oxide charge
build-up should result in a better comparison with the data. Both of these

estimates will have to be defined by further MOS studies.

To determine if ungated transistors would compare more favorably
with the model predictions (which evaluated the base current for an ungated
transistor), another piecc of data is presented. This data represents a
group of Fairchild 2N1613 transistors.’’ These devices were used by Sivo
to show the effect of the bias from the collector-base (C-B) junction on
the base current incrcase due to ionizing radiation. The hypothesis that
the C-B junction fields can extend into the ambient above the chip and in-

crease the density of holes injected into the oxide over the base surface
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Figure 2.31.
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Figure 2.32.
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Predicted change in base current vs. dose for the ungated
2N2222 transistor model using the field-dependent build-up
of QOx and NSS plus a super-position of a field-independent

LNss = 1.2 X 106 states/cm2 per dose.
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Combination of gated transistor experimental data with two
cases considered by the model for an ungated transistor of the
same type. Field dependent (FD) build-up of Q , and N . are
considered with and without the addition of field-independent

(FI) build-up of Neg
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region was confirmed by previous Boeing experiments. If we assume that,

for the active device, a large reverse bias is applied to the C-B junction
and that the additional holes injected into the base region oxide by the C-B
junction field effects were distributed uniformly, then the effect of the
C-B junction is to add a Jarge uniform (E-B field-independent) build-up of

N_. to the base surface region. Figure 2.33 shows the resultant change in

w
v

base current for the active (biased) and passive (unbiased) irradiation bias
conditions. Our assumptions used to obtain the ungated 2N2222 model
prediction (FD + FI) curve in Figure 2.32 appear to be reasonable considering
that we used a conservative field independent build-up of X‘s' The unbiased
experimental data for the Fairchild 2N1613 shows that the actual dependence
of LIB on the build-up of Qox and Nssis somewhere between the assumptions of
field-dependent mechanisms only and the addition of large field-independent
mechanisms. The data also shows that to predict the worst-case degradation
to the DC gain for moderate dose levels, large field-independent mechanisms
must be assumed by the user in order to account for possible C-B junction
effects. Therefore, Table 2.2 can be used with the model to upper bound

the long-term ionization effects. If supplemental information is known
about the device construction (i.e., the ambient in the device package above
the chip is not conducive to ionization effects or a metallization layer

is placed over the C-B junction oxide to restrict the extension of the f

C-B junction field lines above the oxide) then this additional conservative

approach can be relaxed.

By using the device data represented in Figure 2.28, estimates can

also be made of the effects from increasing values of L The devices

represented in this figure had a high oxide charge fabricated into the device
(assumed uniform); the process induced surface state density was unknown.
At zero gate voltage, the pre-irradiation oxide charge has forced the entire

base surface region to crossover. Therefore, wwre-irradiation is
8

lsopEAK)
independent of the gate arca and the uniform built-in N__ over the entire

SS

base region can be approximated. The model predicts;
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Figure 2.33. Ungated transistor experimental data for a Fairchild 21613
device type.’’ Biased conditions refers to the device being
active during irradiation. Unbiased refers to the passive
condition. Note that the measurement bias represents a higher
VBE (1.0, Vgg # 0.5 Volts) than for the 2N2222 data presented
in Figure 2.32. Also, this device type showed a large C-B
Junction effect.

F VBE/Z
Isocpeaky = /2 amy Ay O vep N @ hmgs
20
= 4.4 x 10 N; \mps,
]
% where Ab K'AG +20% 4

o oy : =10
The measured peak ISO (Figure 2.28) was approximately 1.6 x 10 2 Amps.
€ 5,

This indicates that N‘Q(O) ~ 3.8 x 10”7 states/cm™ and implies that in the

T P W T

The area of the base surface region for this high oxide charge case can be
approximated by assuming that the base current curves to the left of the peak
are the result of the gate voltage countering the built-in oxide charge under
the gate. Thus for the pre-irradiation case, the ratio of the peak base cur-
rent to the lowest base current value (to the left of the peak) is approxi-
mately the ratio of the entire base surface area to the base surface area
beyond the gate (over to the base contact). This ratio was calculated to

be ~5.4. Thus the entire base surface area can be approrimated to be equal
to the gate area over the base (Ag) with only a maximum of a 20% ervor. We
have assumed that ISO(J) is still small for the pre-irradiation case.
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processing of higher oxide charge, the effective interface states density

was reduced.

In the post-irradiation case (104 Rads) for the normally processed

$0 increased by 1.4 x 10_9 Amps while the initial high oxide
device showed an increase in the peak ISO of 6.6 x ]0-11 Amps. (NOTE: the

device, the peak I

high oxide device was tested at a lower VBE') If the assumption is made that

Nss is the only parameter to vary with dose when I is peaked, i.e., that the

relative minority carrier surface profile does notsghange and that the recombination

cross-sections are radiation invarient, then the change in Nss is approxi-
mately 1 x 1010 states/cmz for the normal device. This compares favorably
to that given by Sivo measured on a MOS structure. The same calculation

4 for the high oxide device yields a LNSS O7E SIS 109 states/cmz. From this,
the conclusion could be drawn that the rate of radiation induced interface
density creation is dependent on the initial values of oxide charge. The
accuracy of the two assumptions used to get this conclusion still needs to
be determined as discussed earlier. The results of MOS studies may help

to evaluate the validity of these conclusions.

The above analysis is an example of how the model may be used to
analyze available data, and possibly generate relationships between physical
parameters and radiation effects to develop hardness assurance techniques.
The analysis also points out that a dependency on oxide processing exists.

which has been known for some time.

2.2.3.2 Bias Effects During Irradiation. Experimental data has

shown that the bias applied during irradiation has an effect on the degradation
of DC gain.”® Figure 2.34 is a good example. We observed that for a bipolar
transistor the built-in E-B junction produced electric fields in the oxide.
These fields provided the conditions necessary to increase the probability
for separation of holes and electrons from ionizing radiation interaction in

Si0,. Applying VBP modifies the field in the oxide by adding to (reverse
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Figure 2.34. Normalized base current increase vs. total gamma dose for devices
with varying junction electric field strengths during irradiation.?®

bias) or subtracting from (forward bias) the built-in junction potential.
Therefore, since higher fields in the oxide produce higher generation of free
holes to influence the surface potential, we would predict that reverse-
biasing the E-B junction is the worst case condition for hardness assurance
screens.

5

Figure 2.34 also shows that for higher reverse-biased E-B junctions,the
field-independent build-up of QoX and N__ cannot be ignored. This fact was seen
earlier in the model predictions when a large radiation-induced field-independent

build-up of both Qox and . had a significant effect with the same shaped curve.

Another important junction effect has been experimentally identified.
[t is the increase in base current by reverse biasing the collector-base (C-B)
Junction. This condition produces large field lines that extend into th
higher oxide layers and into the ambient space above the chip. Sivo ha
reviewed the available data that supports this model and reviews the t

niques currently used to eliminate this C-B bias dependence.®? The two
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most popular techniques are to (1) reduce the atmosphere over the chip to a

|
|

low ionizing medium, and (2) extend the base metal over the C-B junction so

that the field lines are confined to the localized base region near the

C-B junction.

The worst degradation of DC gain (experimentally) in a n-p-n
transistor occurs when both junctions are reverse-biased during irradiation.
The gain degradation was experimentally shown to be smallest for a saturated
device where both junctions are forward-biased (hence a smaller field) during

23

irradiation. Therefore the predicted dependency of surface potential on

the applied voltage during irradiation appears to be valid.

2.2.3.3 Process Variations. Both intentional and unintentional

process variations in the oxide properties can have a large effect on
proposed hardness assurance screens. We saw in the last two sections that
the trapped oxide charge can result from direct radiation hole-electron
generation or from indirect charge transfer at the surface of the oxide. By
applying various layers of oxide materials, these rates of charge buildup
can be changed significantly. Stanley discussed the changes produced by
glassivation layers and various doping techniquz2s in the oxide.®® All have

their advantages and disadvantages.

Process variations that are unintentional can be referred to as
differences in processing techniques (i.e., equipment, quality control, etc.).
By reducing the contaminants at the interface between the Si-Si0O, layers,
the number of surface states is reduced. Non-uniformity of this contamination
may result in high surface state generation in a random distribution by
the radiation. Also the number of surface states activated by the ionizing
radiation may be reduced. The result of these concepts may explain the
existence of "Mavericks" (or "outliers'").“? These devices deviate (some-
times wildly) from the radiation response of near neighbor devices. Since
the surface potential and surface state distribution are so important to
the model, changes in the expected distributions by these random discon-

tinuities would cause differences in the radiation response. The above

It was found that the gated devices were harder than non-gated devices of
the same type and on the same wafer.?®
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variations may also show why, in the past, attempts to relate oxide charge

; : - oy : 41 T
build-up to fixed surface state densities have failed. Process variations
are therefore a very important consideration in developing any hardness

assurance pI‘OCOdUI‘OS.
2.3 Other Bipolar Structures and Applications

In this section we discuss the extension of the model to other
bipolar structures (p-n-p transistors, JFETs and diodes, and integrated
circuits) and a quick look at the implications for the saturation case

(1ees, V... ). As we will see, p-n-p transistors can be modeled

CE (SAT)
similarly to n-p-n except that a different region is predominant in describing
the ionizing radiation effects. For VCF(S\T) little can be said due to the
lack of accurate models describing the saturation mechanisms. In previous
Ly17542

reports on neutron displacement damage, the general models proposed

for saturation by several sources were shown to be ineffective in predicting

changes in V The point where a transistor is no longer in saturation

CE(SAT) "
(i.e., forced gain equals the natural gain) appears to be the sole existing
accurate model in the VCF(S\T) case. We would expect the natural-gain

base-current terms to be useful for this case.

Diodes and JFETs show changes in the reverse current and breakdown
voltage, but the JFET is much more susceptible to ionizing radiation than the
diode. This is because the JFET also shows significant changes in the gate
leakage current, drain-to-source current and the pinch-off voltage at 105 Rads (Si)

and above.

Finally a section on bipolar ICs is presented which describes

briefly the impact of these modeling efforts in more complex structures.
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2350 P-N-P Transistor DC Gain Degradation

Now that we have described a model that incorporates the surface
effects on n-p-n transistors, it is reasonable to expect the same physics to
be applicable to p-n-p transistors. An assumption is made that there is no
dopant interaction with the oxide growth that is different for n- or p-type
material. Then the main difference between n-p-n and p-n-p transistors that
must be recognized is that the field lines in the oxide generated by the E-B
junction near the surface force the ionizing radiation-induced trapped holes to
the emitter side of the junction (now the p-type material). This means that
positive oxide charges can induce a space-charge region over the emitter rather
than the base. Therefore, the E-B junction can widen into the emitter and
the intersection of the E-B metallurgical junction with the surface term will
increase in importance. The widening process is not as severe as was the
case of the n-p-n transistor due to the higher doping in the emitter (compared
to the base). Even so, the widening is more severe than a 1020 em average
surface dopant density cf the emitter would indicate. The construction of
the emitter usually is done by a diffusion process through a window cut into
the oxide. Since the diffusion of dopant is not limited to the vertical direction,
a diffusion gradient can develop laterally along the surface under the protective
oxide (in the same fashion as for n-p-n transistors). This makes the emitter
less heavily doped at the surface next to the E-B junction and allows the widenin
to be greater for moderate positive charges trapped in the oxide.

[t also makes I near the surface much more significant than for

D
n-p-n transistors. With a positive gate bias placed over the emitter surface

(or positive surface potential increasing for higher dose levels), the effec-

tive emitter doping decreases. This effect occurs just near the E-B junction
where the doping is least due to the lateral diffusion in the emitter. Thus,

considering positive oxide charge effects, the 'U;W term should become more
significant at a lower gate voltage for the post-irradiation case. If we now
add the effect of increasing surface states, the minority carrier lifetime
at the surfncc,‘1s, will also be a factor that makes I”' more significant,

SWw
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Field-independent generation of oxide charge and surface state
density build-up over the entire surface (base regions as well as emitter
regions) will therefore be a critical parameter for evaluating ionizing
radiation effects in p-n-p transistors. Modeling for p-n-p transistors still
needs to be completed. TIonizing radiation effects in p-n-p gated transistors
are shown in Figure 2.35. This figure shows similar curves to those pre-
sented earlier for the gated n-p-n transistor structure but the shape is
reversed. The accumulation portion of the curve will be most important for

predicting post-irradiation effects in p-n-p transistors.

. (Volts)

).73

Base Current Iy (Amps)

Gate Voltage, V. (Volts)

G

Figure 2.35. Effect of ionizing radiation on the IB ) VG curves of a

. b . 43
p-n-p transistor at various injection levels.
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